In order to study the possibility of removing radioactive cesium (Cs), 134 Cs and 137 Cs, accumulated on the soil surface, a column device of Cs-contaminated soil overlaid on non-contaminated soil was constructed. The movement and distribution of radioactive Cs in soil by pouring various solutions were analyzed with an imaging plate. Further analysis of the chemical composition of the droplets from the device and in the soil after the experiment was reported to investigate the effects of the soil. It was found that most radioactive Cs are effectively transferred by acidic solutions such as 2 M citric acid and 10% polyphosphoric acid, and the impact on soil is not so great.
Introduction
The accident of Fukushima Dai-ichi nuclear power plant (FDNPP), TEPCO, occurred in Japan, March 2011, brought up a large-scale contamination to life and natural environments [1] . Of many radionuclides 137 Cs with a half-life time (T 1/2 ) of 30.2 years and 134 Cs with T 1/2 = 2.0 years remain now as a major contaminated source. The total amount of 137 Cs and 134 Cs released by the accident was estimated to be on the order of 1-2 × 10 16 Bq, respectively [2] . The radioactive Cs resulted in contamination on soil and forests over a wide area [3, 4] .
The radioactive Cs ions are kept in phyllosilicate minerals as a major component of silt/clay on soil. The adsorption of 137 Cs in soil has been studied after Chernobyl accident [5, 6] . It is reported that especially the Cs ions selectively associate with frayed-edge sites (FES) located at layer edges of micaceous particles [5, 7] . Adsorption of Cs ions on various clay minerals and remediation of Cs contaminated soil in Japan were studied [8] . The released radioactive Cs bound to the surface layer of soil hardly moved vertically in about a year [9] . Even 8 years after the FDNPP accident, radioactive Cs nuclides is remaining near the forest soil surface of a part of area in Fukushima prefecture, there air dose rate is over 3 μSv/h, although the contaminated soil removed from around the residence were almost put in plastic bags, moved, and stored in the interim storage facility [10] .
On the other hand, 137 Cs due to fallout of the nuclear tests from 1950s also was diffused all over the world and deposited on ground. Such 137 Cs has now reached the underground of only about 10 cm in an uncultivated area of North Africa [11] .
As described above, radioactive Cs strongly bonded to the surface soil cannot move in the vertical direction even if the soil was exposed by rainwater. Contaminated soil near people's living area such as farmlands, pastures, residential area and commercial areas have been removed and stocked temporarily in several places in Japan. However, the remediation of the soil was not yet in the temporary stock places and area of forests and fields [10] .
By the way, the remained Cs in contaminated area may affect the environment and agriculture area, and the stocked Cs contaminated soil also should be treated. The small grains of radioactive Cs contaminated soil may travel for infiltrated household and factory drainage. Furthermore, the radioactive Cs in soil may be also influenced by organisms and ecosystems of underground. The mobility and bioavailability of Cs contaminated soil into the environment and its accumulation in food chain should be further studied.
Therefore, in order to predict the migration behavior of radioactive Cs in the soil and to emendate the contaminated soil, the radioactive Cs transfer in soil should be more observed and analyzed. As one of analytical methods for radioactive Cs transfer, we tried to use the model columns of Cs contained soil and uncontaminated soil layers and to analyze by imaging plates. The dynamic transfers of radioactive Cs in soil by pouring some solutions are reported herewith the chemical analysis results of droplet from wet soil column and the soil after experiment.
Materials and methods

Column design of radioactive Cs contaminated and uncontaminated soil
The high-concentration Cs fraction separated from actually contaminated soil was used as radioactive Cs soil. The polluted soil was collected on January 6, 2012 from Kohnodai campus of Tokyo Medical and Dental University, Ichikawa city, Chiba prefecture. The campus is approximately 200 km south-southwest from the FDNPP. In area around the campus, radiation dose showed relatively high [3] . The collected soil was dried naturally and fractionated by a sieve to the fraction of 0.09 mm or less. The radioactivity of collected soil was examined with a Ge semiconductor detector (Canberra: Mirion Technologies KK). The 134 Cs and 137 Cs were detected as main radioactive source.
Pre-experiment on radioactive Cs elution from soil
The various solutions of hydrochloric acid, sulfuric acid, acetic acid, citric acid, phosphoric acid, nitric acid, perchloric acid and polyphosphoric acid were prepared using 2 mL of sterile distilled water (SDW). After each supernatant of the solutions was separated by centrifugation, the extraction rate at 70 °C for 3 days was determined by dividing the radioactivity of supernatant by the activity before extraction. Almost the inorganic acid solutions are effective for removing the radioactive Cs ions in soil. In this experiment, the polyphosphoric acid solution was selected for column experiment. On the other hand, the organic acid solutions of citric acid, ascorbic acid, malic acid, glutamic acid, fumaric acid solutions were considered, and the citric acid solution was finally selected as column experiment by considering recovery of soil after the experiment.
Preparation of observation column for vertical distribution of radioactive Cs
A polycarbonate column cylinder (45 cm) with an outer diameter of 5 cm and a thickness of 0.2 cm was used, and a polyethylene net was fixed to the bottom. The cylinder was vertically clamped to a stand. The non-contaminated soil (Andosol; one of representative soil in Japan) washed in advance was packed to the height of 30 cm of the cylinder. And approximately 500 mL of pure water was added to the cylinder and left to stand until it was sufficiently drained as shown in Fig. 1a .
Observation of vertical distribution of radioactive Cs
A dry Cs soil sample (weight: 20 g), which had been moistened in advance, was layered on the soil in the observation column. The reagent solution was poured from the top into the soil column at a rate of 30 mL/a time and left to stand until the drops stopped. The pouring water was repeated until the surface count rate changed. Surface radiation rate was monitored at a distance of 5 mm from the top of the soil using a scintillation survey meter (Hitachi Aloka TCS-161). To measure distribution of the radioactivity, imaging plate (40 cm × 20 cm, FUJIFILM MS2040) was wrapped around the column in the longitudinal direction, and exposed for every around 3 days as shown in Fig. 1b . After exposure, the distribution image of the radioactivity was obtained as a tiff file by an imaging analyzer (Fuji Film FLA 3000).
Chemical analysis of Cs soil and dripped solution
The solution dripped from the bottom of soil column was collected and the radioactivity and pH were measured using a scintillation counter ARC-380 (Hitachi Aloka), and a pH meter, respectively. In addition, the dripped solution was inspected for BOD (Biochemical Oxygen Demand), COD (Chemical Oxygen Demand), total nitrogen, et al. by outsourcing to Kankyougiken Co., Ltd. (Tokyo). After final experiments, the metal ion components in the soil column were examined by outsourcing to Seikaken Inc. (Saitama).
Image processing
The tiff images (color model: gray, bit depth: 16) were analyzed by an imaging analyzer loaded on ImageJ 1.50i software (NIH). The imaging was converted to RGB color. The size scale was set to 20 pixels/mm (8000 × 4000 pixels in total). Two-dimensional gray scale within the Region of interest (ROI) of 8000 × 1600 pixels was indicated as "column average plot". The x-axis represented the distance through the selection (0 to 400 mm) and the y-axis was vertically averaged intensity for 1600 pixels. The profile data were obtained after adjusting zero as a back ground of top 80 mm column without soil.
By Excel software (Microsoft), the profile data were converted to values at intervals of 1 mm from the top layer of soil as 0 mm. An average value from the top to 80 mm of imaging foil without soil was calculated as the background value (BKG). The average value of the soil (120-270 mm from top) before pouring the solutions was obtained as average value of background soil (It is as 0 times injection). The average value (K-BKG) was subtracted from each measured value in order to offset the influence by radioactive potassium contained in the soil. The grayscale with respect to the distance from the top to the bottom of the soil column in each experiment was displayed as the radioactivity ratio.
Results
The collected soil from the ground had a radioactivity of 8.3 Bq/g ( 137 Cs: 4.9 Bq/g, 134 Cs: 3.4 Bq/g as of March 2012). The fraction that passed through the 0.09 mm sieve was roughly equivalent to silt and clay in the soil, and the recovery rate of total radioactivity in the fraction was 49.8%. The specific activity of the fraction was 43.2 Bq/g for 137 Cs and 30.3 Bq/g for 134 Cs, respectively. The fraction was used as Cs contaminated soil.
Pouring water
To observe the vertical movement rate of radioactive Cs, water was poured from the top of the soil column at a rate of 30 mL/1 time and repeated 200 times. Since the crosssectional area of the column cylinder used in this experiment was 16.6 cm 2 , the amount of water per one time corresponded to 36 mL/cm 2 . Repeating this application 200 times was corresponding to almost the average amount of rainfall for 2 years in Tokyo (1757 mm/year).
The distribution images of radioactive Cs were observed using an IP analyzer after pouring water several times ( Fig. 2a ). The peak position of radioactive Cs had hardly changed even when pouring water 200 times. After digitizing the images with an image analyzer, the vertical distribution of radioactivity in the soil column were plotted with numbers of pouring or volume of pouring water as shown in Fig. 2b . Compared to 100 (3000 mL) and 200 (6000 mL) times water injection. Even 8 years after the FDNPP accident, almost all radioactive Cs nuclides remain near the surface of soil in forest and mountain although the contaminated soil removed from the surroundings of the residence were put in plastic bags, and stored temporarily in rice fields. The radioactivity distribution in the sample changed little (approximately 0-20 mm layer), even if the activity in the top layer was slightly decreased. Thus, it was confirmed that radioactive Cs did not move significantly by pure water (Fig. 2b ).
Pouring acidic solutions
We performed radioactive Cs extraction test from soil samples using various acid solutions. When inorganic acid solutions such as hydrochloric acid, sulfuric acid, nitric acid and polyphosphoric acid were used, the extraction of radioactive Cs showed a high dissociation rate. On the other hand, when organic acid solutions such as acetic acid, citric acid, ascorbic acid and the related reagents were used for 3 days, it was recognized that the extraction rate increased relatively fast with citric acid solution. This extraction by the organic acids is considered to be achieved by ion exchange around the frayed-edge sites (FES) of micaceous particles included in the soil sample. Thus, polyphosphoric acid and citric acid solutions are effective in removing Cs from contaminated soil. These are preferably used as biodegradable decontamination agents that can be avoided from severe damage to the soil.
Pouring citric acid solution
In order to observe vertical transfer kinetics of radioactive Cs, 0.5 M citric acid solution was used at the initial experiment. Using the pouring volume of 30 mL a time and 50 times (1500 mL) since the distribution rate is much faster than water, the distribution images of radioactive Cs were shown in Fig. 3a . The result with 0.5 M citric acid was not extremely different from that with pure water, even several times pouring (Fig. 3a) . The radioactivity at region of 120 mm in the soil column increased, little by little, when pouring 0.5 M citric acid (Fig. 3b ).
The distribution of radioactive Cs using 2 M citric acid solution was significantly different from that of 0.5 M citric acid solution. The distribution change of radioactive Cs was observed not only in the top layer but also in the bottom soil layer by pouring the solution only 5 times (150 mL) as shown in Fig. 4a . When the pouring was furthermore repeated, the signals of radioactive Cs in the bottom soil layer became stronger and those of the top layer became weaker contrarily. The tendency became clearer after pouring the 16-18 times (Fig. 4a ). As shown in Fig. 4b , the radioactivity in the top layer decreased obviously by using 2 M citric acid. Furthermore, the high radioactivity at the soil layer gradually shifted to the lower soil layer (20-120 mm layer). Subsequently, by pouring further the citric acid solution, the radioactive signals become uniform with degrease of Cs concentration. 
Pouring polyphosphoric acid solution
The experimental results of 10% and 40% polyphosphoric acid solutions are shown in Figs. 5 and 6. In the case of 10% polyphosphoric acid solution, the result was basically similar to that of 2 M citric acid solution. That is, the signals of radioactive Cs gradually transferred from the top layer to the lower soil layer. Finally, it became a uniform distribution. In the case of 40% polyphosphoric acid solution, its radioactivity changes with only 5 times of pouring became almost the similar results to 30 times for 2 M citric acid solution (Fig. 5a ). Although pouring of water had little affected on the surface dose rate, pouring the highly concentrated acid solution reduced it drastically (Fig. 6 ). As these experimental results are compared, the number of pouring or the volume of pouring solutions required to reduce the radiation dose rate on the top soil layer to 50% was corresponding to approximately 9 times (270 mL) for 40% polyphosphoric acid solution, 48 times (1440 mL) for 2 M citric acid solution, and 2890 times (86,700 mL) for water at one time) as shown in Fig. 7 .
Chemical analysis of dripped solutions and soil
The chemical analysis results of dripped solutions and soil after experiments are shown in Tables 1 and 2, respectively, in order to estimate chemical effect of the reagent on the soil. When using 0.5 M citric acid solution and 10% polyphosphoric acid solution, the dripped solutions from the column bottom were initially transparent, but became to be gradually colored.
The changed pH values are shown in Fig. 8 . When pure water was used, the pH values of dripped water increased gradually from pH 4.8 to pH 6.2. However, when a 2 M citric acid solution was used, the pH values increased at the initial stage, but dropped to around pH 1.5. In case of the other acidic solutions, the pH values show the similar change. The increased pH values at the initial stage is due to cation ion exchange with the components of soil. As shown in Table 1 , it was further found that the colored solutions contained some precipitation and frequently dissolved organic material. Moldy was recognized on the column bottom during experiments although radioactive Cs was not detected. When pouring 2 M citric acid solution, the BOD, COD and total organic carbon values increased largely in the dripped solutions, and the soluble iron ions were recognized although they were not observed in the case of only water ( Table 1 ). The influence by 10% polyphosphoric acid solution was relatively smaller than by the citric acid solution.
The results on chemical analysis of soil treated with water, citric acid and phosphoric acid solutions are listed in Table 2 .
After treatment of soil with 0.5 M citric acid solution and with 10% polyphosphoric acid solution, the pH of soil showed 4.43 and 2.70, respectively. The nitrogen concentration of nitrate decreased although the nitrogen concentration of ammonium increased. The exchangeable potassium, lime, magnesia increased. The other metal ions were a little changed in ppm level.
Discussion
In these acid experiments, the transfer behavior of radioactive Cs from the soil surface layer was clearly understandable as a graphic image although the transfer of radioactive Cs could be observed little in the case of pure water. Even when the Cs radioactivity in the top layer scarcely reduced even with pouring 200 times of water (total volume of 6 L), and the remained activity ratio obtained from the dose rate above the surface of soil (Fig. 7) was 96.5%. The amount of pouring 200 times of water was comparable to almost 2 years of the average rainfall in Japan (1757 mm/ year). With this rate, it would take 29.7 years to reduce the top surface activity to half by only pure water. The reduction of contaminated Cs by natural rain fall would be not so expected except the physical half-life. On the other hand, the transfer of radioactive Cs could be observed more quickly when acidic solutions were used. The radioactive Cs associated with the frayed-edge sites (FES) of micaceous particles included in the soil sample is considered to descend while interacting with acidic solutions, which may be similar to the separation of chromatography [12] . If the affinity between the radioactive Cs and each soil component was uniform, the radioactive Cs in the acidic solution should be transferred by migration in a zonal mass with gradual diffusion. However, since the signal peak of radioactive Cs was observed as shown in above figures, it could be interpreted that one part of radioactive Cs trapped in the soil was so strong affinity to some soil components. The part may not be removed, and another part may be migrated quickly due to a little different affinity to soil layer. Also, in some experiments, the released radioactive signal was observed above the lower soil layer (20-120 mm) and then to be uniformed. That is, from these results, it is considered that only some of the components in the soil exhibit a relatively high affinity for radioactive Cs and later become uniformly distributed.
It is obvious that acidic solution interacts chemically with Cs components in the soil. Thus, the properties of solutions and soil components may change step by step during passing of the solution [13] . It was reported about the effect of low molecular weight organic acid such as citric acid on the mechanisms for release of 137 Cs from contaminated soils that H + could protonate the oxygen atoms to form hydroxyl groups at the broken edges or surfaces of minerals. Thereby weakening Fe-O and Al-O bonds, after protonation of H + , organic ligands could exchange the OH and OH 2 groups in the minerals easily, to form complexes with surface structure cations, such as Al and Fe ions. Further, it is reported that the amounts of 137 Cs released from contaminated soil treated with low molecular weight organic acids substantially increase [14] . This is similar to another report that in ion exchange chromatography, the solvent and carrier react with each other to cause ion exchange, and both are changed in bounded ions [15] .
Again, if the carrier and solvent are homogeneous, the soil can show only a certain affinity for the homogeneous solvent. There is only one boundary point of absorption and dissociation. If not so, therefore, it can be said that the soil as a carrier has an inhomogeneous affinity to radioactive Cs as a solvent.
On the other hand, it is unknown whether radioactive Cs bound to the soil actually shows a uniform chemical form when dissociated. However, it was reported that Cs is adsorbed by FES in the clay fraction contained in the soil [5, 7] . Also, organic material in the soil can also be a major cause of Cs adsorption [16] . The other studies indicated that the distribution of 137 Cs in the cray/silt fractions was affected by the elapsed time since contamination, or the dry-wetting cycle processes [17] . They suggested that the chemical state of radioactive Cs in soil is related to the interaction between clay and organic material. Rosén et al. [17] report that there is a part where radioactive Cs is bound very weakly. But, the soil sample used in this experiment was fractionated from soil actually contaminated with radioactive Cs. Therefore, radioactive Cs probably has various binding forms to clay and organic material, and the strength of binding is not considered to be constant. In our experiment using pure water, only a small amount of radioactive Cs migration was observed. That is, radioactive Cs bound to clay cannot remove easily with pure water alone.
From the other aspect, this experiment can be considered as an application method for decontaminating radioactive Cs on the soil surface. It can be said that it is an excellent and simple method that can effectively remove the concentrated radioactive Cs on the surface layers. It is obvious that rain water has little effect at all as reported already [9] , but, the Cs in soil can be decontaminated together with metal ions by organic acidic solution and polyphosphate acid solution. Since these solutions have biodegradability, any influence on the soil is not so big that it cannot be ignored. To reduce the risk of radiation from contaminated soil, the application of organic acid solution is considered as an extremely effective way although further safety measures may be needed.
Conclusions
In order to clarify experimentally how the radioactive Cs contained in the soil surface moves deep, we have made plastic column tubes filled with two layers of contaminated soil and uncontaminated soil. The Cs movement was analyzed using an imaging plate. It was confirmed that radioactive Cs ions hardly moved by pouring pure water, but could be easily moved to the bottom of the column by pouring citric acid and polyphosphoric acid solutions. These results suggest decontamination of radioactive Cs in soil by pouring acidic solutions. It was also found that imaging plate analysis of soil column is an excellent and simple method to analyze the transfer and vertical distribution of radioactive Cs in the soil column. In addition, if the acidic solution itself is degraded in the soil and does not so significantly affect the quality of the soil, it is recommended for decontamination of soil contaminated with radioactive Cs. 
